To investigate the importance of different processes to heat stress tolerance, 45 Arabidopsis (Arabidopsis thaliana) mutants and one transgenic line were tested for basal and acquired thermotolerance at different stages of growth. Plants tested were defective in signaling pathways (abscisic acid, salicylic acid, ethylene, and oxidative burst signaling) and in reactive oxygen metabolism (ascorbic acid or glutathione production, catalase) or had previously been found to have temperature-related phenotypes (e.g. fatty acid desaturase mutants, uvh6). Mutants were assessed for thermotolerance defects in seed germination, hypocotyl elongation, root growth, and seedling survival. To assess oxidative damage and alterations in the heat shock response, thiobarbituric acid reactive substances, heat shock protein 101, and small heat shock protein levels were determined. Fifteen mutants showed significant phenotypes. Abscisic acid (ABA) signaling mutants (abi1 and abi2) and the UV-sensitive mutant, uvh6, showed the strongest defects in acquired thermotolerance of root growth and seedling survival. Mutations in nicotinamide adenine dinucleotide phosphate oxidase homolog genes (atrbohB and D), ABA biosynthesis mutants (aba1, aba2, and aba3), and NahG transgenic lines (salicylic acid deficient) showed weaker defects. Ethylene signaling mutants (ein2 and etr1) and reactive oxygen metabolism mutants (vtc1, vtc2, npq1, and cad2) were more defective in basal than acquired thermotolerance, especially under high light. All mutants accumulated wild-type levels of heat shock protein 101 and small heat shock proteins. These data indicate that, separate from heat shock protein induction, ABA, active oxygen species, and salicylic acid pathways are involved in acquired thermotolerance and that UVH6 plays a significant role in temperature responses in addition to its role in UV stress.
Plants and other organisms have both an inherent ability to survive exposure to temperatures above the optimal for growth (basal thermotolerance) and an ability to acquire tolerance to otherwise lethal heat stress (acquired thermotolerance). Acquired thermotolerance is induced by a short acclimation period at moderately high (but survivable) temperatures or by treatment with other nonlethal stress prior to heat stress (Kapoor et al., 1990; Vierling, 1991; Flahaut et al., 1996; Burke et al., 2000; Hong and Vierling, 2000; Massie et al., 2003; Larkindale et al., 2005) . The ability to withstand and to acclimate to supra-optimal temperatures results from both prevention of heat damage and repair of heat-sensitive components. Organisms must also maintain metabolic homeostasis during stress or be able to reestablish homeostasis subsequent to the stress period. Although plants are frequently subjected to dramatic heating to above the optimal growth temperature, relatively little is known about the critical genes controlling either basal or acquired thermotolerance in plants.
Heat stress has a complex impact on cell function, suggesting that many processes are involved in thermotolerance. Some processes may be specific to basal thermotolerance, others may be induced during acquired thermotolerance, and many may be involved in both. High temperatures are known to affect membrane-linked processes due to alterations in membrane fluidity and permeability (Alfonso et al., 2001; Sangwan et al., 2002) . Enzyme function is also sensitive to changes in temperature. Heat-induced alterations in enzyme activity can lead to imbalance in metabolic pathways, or heat can cause complete enzyme inactivation due to protein denaturation (Vierling, 1991; Kampinga et al., 1995) . Membrane and protein damage lead to the production of active oxygen species that cause heat-induced oxidative stress (Dat et al., 1998a (Dat et al., , 1998b Gong et al., 1998; Larkindale and Knight, 2002) . Heat can also promote programmed cell death (Swidzinski et al., 2002; Vacca et al., 2004) . In plants, these different types of damage translate into reduced photosynthesis, impaired translocation of assimilates, and reduced carbon gain, leading to altered growth and reproduction (Hall, 2001) .
The best-characterized aspect of acquired thermotolerance is the production of heat shock proteins (HSPs; Vierling, 1991) . During acclimation, plants, like other organisms, induce massive transcription and translation of HSPs. These proteins are proposed to act as molecular chaperones to protect cellular proteins against irreversible heat-induced denaturation and to facilitate refolding of heat-damaged proteins (Boston et al., 1996) . Genetic evidence has established that the Hsp100 family proteins are essential for the acquisition of thermotolerance in plants. Loss-of-function mutants of Hsp101 in Arabidopsis (Arabidopsis thaliana; hot1; Vierling, 2000, 2001) and maize (Zea mays; Nieto-Sotelo et al., 1999) are unable to acquire thermotolerance at several different growth stages.
Several lines of evidence indicate, however, that HSP synthesis is only one aspect of protection against heat-induced damage. Using an assay for acquired thermotolerance of hypocotyl elongation of 2.5-d darkgrown seedlings, we identified seven loci, designated hot1 through 7, with reduced acquired thermotolerance (Hong and Vierling, 2000; Hong et al., 2003; S.-W. Hong, U. Lee, and E. Vierling, unpublished data) . The hot1 mutation in the HSP101 gene is the only one of these mutations that mapped to a locus encoding an HSP or heat shock transcription factor gene, and all of these mutants except hot3 accumulate HSPs normally. hot1 also shows a very severe heatsensitive phenotype at all growth stages. In addition, although efforts have also been made to link HSP levels to cultivar differences in heat tolerance in a number of plant species, most of these studies have been inconclusive (for review, see Klueva et al., 2001 ). Thus, non-HSP genes are clearly essential for thermotolerance.
Genetic data also indicate that different genes contribute to heat tolerance at different stages of the plant life cycle and that different genes may be essential for basal and acquired thermotolerance. Several of the hot mutants are defective in acquired thermotolerance only when assayed as 2.5-d seedlings but not at later growth stages S.-W. Hong, U. Lee, and E. Vierling, unpublished data) . In contrast, NahG transgenic plants and npr1 mutants both acquire thermotolerance normally as 2.5-d seedlings but show decreased basal thermotolerance as 10-d seedlings (Clarke et al., 2004) .
As described above, in our previous efforts to identify genes involved in acquired thermotolerance, we screened for mutants defective in acquired thermotolerance of hypocotyl elongation of 2.5-d darkgrown seedlings. Although the screen was not carried out to saturation (second alleles were found for three of seven loci), the small number of loci identified was surprising, given the diverse processes perturbed by heat. Therefore, to determine the contribution of additional genes to acquired and basal thermotolerance, in this study we examined the heat stress phenotypes of 45 existing Arabidopsis mutants and one transgenic line (NahG). As described in Table I , the mutants selected were mutants that disrupt processes that could be predicted, based on previous data, to play a role in responses to heat. These included mutants defective in signaling pathways (abscisic acid [ABA] , salicylic acid, ethylene, and oxidative burst signaling) and in reactive oxygen metabolism (ascorbic acid or glutathione production, catalase) or mutants previously found to have temperature-related phenotypes (e.g. fatty acid desaturase mutants, uvh6). Although some of these mutants have been shown to be defective in heat tolerance, their responses to heat at different growth stages had not been systematically tested nor had their basal and acquired thermotolerance responses been compared. We tested each mutant for basal and acquired thermotolerance at five growth stages and assessed levels of thiobarbituric acid reactive substances and HSPs. The data indicate that, separate from HSP induction, ABA, active oxygen species, and salicylic acid pathways are involved in acquired thermotolerance and that the uvh6 gene plays a significant role in temperature responses in addition to its previously described role in UV light stress. The results further support the conclusions that thermotolerance is a complex multigenic process, with different gene sets involved in acquired and basal thermotolerance and in thermotolerance at different plant growth stages.
RESULTS

Identification of Mutants with Altered Heat Tolerance as 7-d Seedlings
The rationale for choosing each of the 45 mutants used in this study is summarized in Table I . Further information about each mutant, including the nature of the gene product and the specific gene locus (when available), is provided in Table II (see also Supplemental Table I ). In most cases, only a single allele at each locus was examined, although multiple mutants in the same process (e.g. ABA signaling) were studied. The number of the allele used is provided in Table I , but will otherwise not be used in the text. Most of the mutations are point mutations generated by ethyl methanesulfonate mutagenesis (Supplemental Table  I ), and therefore it should be kept in mind that they may not represent complete loss-of-function alleles.
All of the mutants were initially tested for their responses to a heat stress applied to 7-d seedlings grown on agar plates in the light. We chose this growth stage with an interest in evaluating heat tolerance of photosynthetically active, autotrophic seedlings. Furthermore, we had already performed a forward genetic screen for thermotolerance in 2.5-d-old darkgrown seedlings as described above and found that only a subset of the mutants identified showed a phenotype after growth in the light . Plants were tested either for basal thermotolerance by heating directly to 45°C for 60 min or for acquired thermotolerance by acclimation at 38°C for 90 min plus 2 h at room temperature, followed by the challenge heat treatment of 45°C for 180 min. As controls, each assay plate also included wild-type seedlings of the corresponding Arabidopsis accession (Supplemental Table I ) and hot1 (Hsp101) mutant seedlings. Both heat treatments represent the limits of survival for wildtype plants and are lethal to the hot1 mutant. The hot1 mutant was chosen as the heat-sensitive control because it is the most heat sensitive of all the thermotolerance (hot) mutants that we have characterized at all growth stages . None of the mutants suffer any damage from the 38°C heat acclimation treatment alone (data not shown). Five days after heat treatment, the percentage of seedlings that survived (i.e. remained green and growing) was determined and compared to the number of surviving wild-type plants on the same plate.
As shown in Figure 1 , 15 of the 46 mutants/ transgenic lines tested showed significant pheno- Three other mutants link additional signaling pathways to thermotolerance. NahG transgenic plants, unable to accumulate salicylic acid (SA), and two respiratory burst oxidase mutants (atrbohB and atrbohD), proposed to be involved in active oxygen species signaling (Torres et al., 1998 (Torres et al., , 2002 , showed similar reductions in acquired thermotolerance (approximately 40% wild-type) as well as statistically similar reductions in basal thermotolerance (Fig. 1, C and E). Seedlings grown on agar plates in the light for 7 d were heated to 38°C for 90 min, cooled to room temperature for 120 min, then heated to 45°C for 180 min (acquired thermotolerance, gray bars) or heated to 45°C for 60 min (basal thermotolerance, white bars). Percentage of survival of plants relative to the wild-type control on the same plate was determined 5 d after heat stress. A, ABA biosynthesis mutants; B, ABA-insensitive mutants; C, SA signaling transgenic line and mutant; D, ethylene signaling mutants; E, NADPH oxidase mutants; F, antioxidant mutants; G, uvh6. Each experiment was performed on a minimum of five separate plates, each with at least 20 plants of each line, including the wild-type and hot1 controls. Further controls were performed using unheated plants and plants given only the 38°C pretreatment, and all of these plants survived (data not shown). Data for the hot1 controls in each section of the figure were derived from the same plates as the mutants in that section; the exact percentage of survival varied from plate to plate due to minor differences in temperature within the incubator. B does not show the hot1 control, as the abi1 and abi2 mutants are in the Ler background, while hot1 is in Col. Mutants in C and D were tested on the same plate, so the hot1 controls are identical. Error bars represent the SD from the average value over all experiments. WT, Wild type.
In contrast, npr1, which is defective further downstream in SA-induced defense responses, showed only limited heat sensitivity in either assay. Mutations in six other Atrboh genes (see Tables I and II) did not result in any significant thermotolerance defects (data not shown).
The final group of signaling mutants, those defective in ethylene signaling (etr1 and ein2), also showed reduced basal thermotolerance (40% wild-type) but only a very minor defect in acquired thermotolerance (approximately 70%-85% wild-type; Fig. 1D ). The ethylene overaccumulating mutants eto1, 2, and 3 did not show any significant defects (data not shown).
Four mutants with defects in genes relating to antioxidant metabolism (vtc1, vtc2, npq1, and cad2) showed only moderate thermotolerance defects (Fig. 1F) . These mutants showed a small (approximately 20%) decrease in acquired thermotolerance and a somewhat stronger decrease in basal thermotolerance, with vtc2 showing the strongest phenotype in both assays. The catalase defective mutant tested (cat1/3) showed no phenotype in either assay (data not shown).
Finally, the strongest defect detected in our screen was exhibited by the UV-sensitive mutant uvh6, which carries a defect in a DNA repair helicase and presumed transcription factor gene (Liu et al., 2003) . As seen in Figure 1G , this mutant showed substantially reduced survival (,20% wild-type) in both basal and acquired thermotolerance assays, resembling the phenotype of the hot1 control. The other UV-sensitive mutants tested (uvh1 and uvh3) showed a wild-type phenotype under these assay conditions, although in more extreme heat treatments (pretreatment and 45°C, 220 min), uvh3 actually survived better than the wild type (data not shown).
All the other mutants tested, as listed in Tables I and  II, showed no decreased thermotolerance. That is, their survival was .80% of the wild type under the assay conditions.
Mutants Defective in Thermotolerance also Show Oxidative Damage
As an additional test of heat sensitivity, as well as a measure of oxidative damage, mutants found to have a phenotype as shown in Figure 1 were assayed for accumulation of thiobarbituric acid reactive substances (TBARS). High levels of TBARS correlate with high levels of oxidative damage to lipid membranes (Heath and Packer, 1968) . The heat treatments for basal and acquired thermotolerance were performed on 7-d seedlings as shown in Figure 1 , and tissue for the TBARs assay was harvested 2 d after the stress.
As shown in Figure 2 , all of the mutants with significant phenotypes in the heat stress assays also had higher levels of TBARS than wild-type plants (50%-250% higher), indicative of increased oxidative damage. However, while in the survival assays it was clear that hot1 and uvh6 showed a stronger phenotype than the other mutants, in the TBARS assay, the NahG transgenic line and atrbohB and atrbohD also showed a similar degree of oxidative damage to hot1, under both basal and acquired thermotolerance treatments. It is possible that this represents the maximum level of TBARS that can be produced prior to death of the seedling. The abi1 and 2 mutants also had very high TBARS but cannot be directly compared to hot1 because of their different genetic backgrounds (Columbia versus Landsberg erecta; Supplemental Table I ).
We also observed that the TBARS levels for the ethylene (Fig. 2D ) and oxidative stress mutants (Fig.  2F ) were higher after basal thermotolerance tests than after acquired thermotolerance tests, as was expected from the survival levels seen in these mutants (survival was lower after basal treatments, Fig. 1, D and F) . In contrast, this relationship does not hold for the aba1, 2, and 3 mutants ( Fig. 2A) . These mutants show no significant difference in their ability to survive acquired versus basal thermotolerance treatments but show slightly higher levels of oxidative damage in the basal thermotolerance tests. These data confirm that oxidative stress is a significant component of heatinduced damage for all of these mutants but that other processes also contribute to determine overall survival of heat stress.
Enhancement of Heat Sensitivity by High Light Conditions
Oxidative stress is increased by high light (Niyogi, 1999) , and the extent of heat damage has been observed to vary with light conditions (Larkindale and Knight, 2002) . Therefore, we hypothesized that survival after heat stress might be further impaired by increasing the light intensity during recovery from heat stress, providing additional information both about differences between the responses of the mutants and about the relative contribution of oxidative damage to lethality. Increasing the light intensity during a 5-d recovery period did increase lethality of heated plants, even for wild-type plants, when testing for either acquired or basal thermotolerance (data not shown). Accordingly, to compare the mutants to the wild type, the 45°C heating period for the basal thermotolerance test was reduced to 30 min, conditions under which wild-type plants survived even when allowed to recover under high light conditions (data not shown). Like hot1, the mutants identified in Figures 1 and 2 as heat sensitive (aba1, aba2, aba3, abi1, abi1, NahG, atrbohB, atrbohD, and uvh6) all showed reduced survival compared to the wild type after this heat treatment when allowed to recover under moderate light, but essentially none of the these mutants survived when recovery was under high light (survival of mutants was 0%-20% wild-type survival, numerical data shown in Table III ). Furthermore, the ethylene mutants (ein2 and etr1) and the antioxidant mutants (npq1, cad2, vtc1, and vtc2), which had only a moderate phenotype after recovery under normal light conditions (Fig. 1, D and F) , showed a dramatic decrease in viability under high light as illustrated in Figure 3 . Other mutants (eto mutants and acd2) that showed a small but not statistically significant defect in the initial survival assays did not show any increased defect under high light as compared to the wild type (data not shown). Thus, high light affects the ability of specific mutants to recover from heat stress, presumably because of increased oxidative stress. Parallel assays using high light during recovery were performed after the acquired thermotolerance heat treatment (38°C for 90 min, 2 h room temperature, 45°C for 180 min). In these assays, survival of the mutants shown to have a phenotype in Figure 1 (aba1, aba2, aba3, abi1, abi2, NahG, atrbohB, atrbohD, and uvh6) was ,20%, while survival of wild-type plants was 75% 6 20%. Increased light levels do not, therefore, affect the defect in acquired thermotolerance in these plants.
The experiments above were all done with both the 38°C pretreatment and the 45°C heat treatment occurring in the dark. The same assays were done with the aba1, aba2, aba3, abi1, abi2, NahG, atrbohB, atrbohD, uvh6, and hot1 mutants using heat treatments performed under normal growth light conditions. No significant differences in viability compared to results with treatments in the dark were found (data not shown). We did not test the effects of high light during heat treatment. Figure 2 . Heat-induced oxidative damage in mutants with decreased thermotolerance. Plants were heat treated as described in Figure 1 , and after 2 d of recovery, seedlings were harvested and stored in liquid nitrogen until the assay was performed. The TBARS level determined from the mutants relative to the wild-type control on each plate was determined. Values are graphed as percentage of greater than the wild type (WT; i.e. a mutant with 2 times the TBARS level seen in the wild type is recorded as a value of 100% greater than the wild type). A, ABA biosynthesis mutants; B, ABA-insensitive mutants; C, SA signaling mutant/ transgenic line; D, ethylene signaling mutants; E, NADPH oxidase mutants; F, antioxidant mutants; G, uvh6. Experimental replication and controls were as described in Figure 1 . Error bars represent the SD over all experiments.
While the mutants depicted in Figures 1 and 2 were defective in thermotolerance when assayed as 7-d plants, previous work has shown that thermotolerance phenotypes can vary at different stages of growth (Hong and Vierling, 2000; Hong et al., 2003; Clarke et al., 2004) . Therefore, we next tested all of the mutants listed in Tables I and II for acquired thermotolerance of hypocotyl elongation after 2.5 d of growth in the dark, the conditions used to identify the hot1 mutant. Only two of the mutants, uvh6 and uvh3, were found to be defective in acquired thermotolerance at this growth stage (Table III) , revealing a significant difference in response of young dark-grown and lightgrown seedlings.
We then extended our assays to consider other growth stages, testing only the mutants found to have a phenotype in the 7-d-old seedling assay, along with uvh3 because of its heat-sensitive hypocotyl elongation phenotype. The assays used tested basal thermotolerance during germination, acquired thermotolerance of root growth of 4-d-old plants, or chlorophyll retention (extent of bleaching) in leaves from 25-d plants. Averages for the results from these assays, along with the hypocotyl and 7-d seedlings assays already discussed, are presented for all of these mutants in Table III. Because of its strong phenotypes, pictures from representative experiments along with the quantitative data for uvh6 compared to hot1 are also presented in Figure 4 . It is important to note that a line of the uvh6 mutant complemented by transformation with the wildtype Uvh6 gene (Liu et al., 2003) showed wild-type responses to heat (data not shown).
Although only hot1, uvh3, and uvh6 showed a phenotype in the germination or hypocotyl elongation assays, after 4 d of growth and exposure to light, all of the mutants except uvh3 showed defects in heat tolerance. The relative degree of heat sensitivity for each mutant appeared to be consistent across the assays performed in older plants, with npr1 showing the least severe phenotype and hot1, uvh6, and the abi mutants showing the strongest phenotypes (Table III; Fig. 4 ).
HSP Accumulation Is Unaltered in Mutants Defective in Thermotolerance
Since the expression of HSPs is known to contribute to thermotolerance, it was of interest to determine if any of the mutants with thermotolerance phenotypes as 7-d seedlings were defective in HSP accumulation. To assess HSP levels, protein was extracted from 7-d seedlings that had been heat treated at 38°C for 90 min ade1, abi3, eto1, eto2, eto3, atrbohA, atrbohC, atrbohE, atrbohF, atrbohG, atrbohH, fad2, fad3, fad4, fad5, fad6, fad7, fad7/8, fab3, acd2, ubp1, ubp2, ubp1/ubp2, cat1/3, rns1, tsl4, axr1 followed by 30 min at 22°C, conditions similar to the acclimation treatment used to induce acquired thermotolerance. Levels of Hsp101 and class I and class II small heat shock proteins (sHsps) were then examined by western blotting. Results for a subset of the mutants (one from each functional group: npq1, aba3, ein2, NahG, atrbohB, and uvh6) are shown in Figure 5 . Equivalent results were obtained from the other mutants tested (aba1, aba2, abi1, abi2, npr1, etr1, atrbohD, cad2, vtc1, and vtc2; data not shown). All of the mutants showed normal levels of these HSPs compared to wild-type plants at this time point. HSPs also accumulated to wild-type levels in 2.5-d dark-grown uvh6 seedlings subjected to the same heat stress (data not shown). Therefore, the observed heat sensitivities of these mutants do not correlate with defects in HSP accumulation during the acquisition of thermotolerance, consistent with the conclusion that these mutants are defective in other processes involved in the acquisition of thermotolerance.
Basal versus Acquired Thermotolerance
Evidence from Figures 1 and 2 suggested that the ethylene signaling mutants and the antioxidant mutants were more impaired in basal thermotolerance than in acquired thermotolerance. This observation indicates that different pathways could be involved in basal and acquired thermotolerance. It might therefore be possible to elucidate the relative importance of different signaling pathways in basal versus acquired thermotolerance by looking at the relative severity of the mutant phenotypes under different heat stress conditions. That is, a mutant that showed a phenotype greater than the average phenotype in the acquired assay but merely average in the basal assay might be expected to play some role in events specific to acquired thermotolerance. A mutant that showed a less defective phenotype in the acquired than in the basal thermotolerance assays would be anticipated to be involved in processes made redundant during acquired thermotolerance. Such processes, although critical to basal thermotolerance, are not necessary for survival after acclimation.
The mutants were therefore tested in the 4-d root growth and 7-d survival assays for both basal and acquired thermotolerance, with 45°C heating periods from 30 to 120 min without pretreatment (basal) or 90 to 250 min with pretreatment (acquired). Since longer heating periods impose greater stress on the plant, the most heat-sensitive mutants would be expected to show a phenotype after the shortest period of heating. Figure 6 compares the length of heat treatment required to reduce survival or root growth to 50% of unheated samples in comparison to the hot1 mutant. Results for both basal and acquired thermotolerance of seedling survival (Fig. 6A ) or of root growth (Fig. 6B ) are graphed for each mutant. Note that abi1 and abi2 are in the Landsberg erecta background (Ler), while the other mutants are in a Columbia background (Col), so these cannot be directly compared.
As expected, in both the root growth and survival assays, hot1 and uvh6 showed the strongest phenotypes of all of the mutants. Interestingly, all the other mutants performed similarly in the basal thermotolerance tests, requiring approximately the same additional time of heating compared to hot1 to show 50% reduction in survival (approximately 30 min) or root growth (approximately 15 min). By contrast, in the acquired thermotolerance tests, aba1, aba2, and aba3 performed essentially as poorly as hot1 and uvh6, as did abi1 and abi2, although it should be noted that the Ler control was also more heat sensitive than Col. The phenotype of the NahG transgenic line and the atrbohD and atrbohB mutants were intermediate, and ein2, etr1, cad2, vtc, vtc2 , and npq1 were only slightly worse than the wild type in acquiring thermotolerance. These data, which are consistent with the results in Figures 1 and 2 , suggest that the ABA signaling mutants are most likely to be involved in processes specifically required for acquired thermotolerance and that the NahG transgenic line and the atrbohD and atrbohB mutants play some role in acquired thermotolerance but that the ethylene and antioxidant mutants are more likely to be critical in basal heat tolerance, with less of a role in processes required for acquired thermotolerance.
DISCUSSION
We have evaluated the importance of different processes and pathways to heat stress tolerance by testing 45 Arabidopsis mutants and one transgenic line for sensitivity to heat (basal thermotolerance) and ability to acquire thermotolerance at different stages of growth. Mutants were chosen on the basis of previous data implicating the mutant gene in responses to high temperature (Table I ) and included mutants in signaling pathways, mutants with defects in the production of antioxidants, and other mutants with defects in genes previously associated with heat stress or heatinduced pathways (Larkindale et al., 2005) . Of the 46 plants tested, the most significant phenotypes in both basal and acquired thermotolerance were seen in several ABA biosynthesis or signaling mutants, in plants unable to accumulate SA, in two mutants of respiratory burst oxidase homologs, and in the uvh6 mutant, which is defective in a DNA helicase. All of these mutants accumulated HSP101 and class I and II sHsps normally, suggesting that the processes affected by the mutant genes are independent of the heat shock response. This indicates that there are multiple processes involved in the acquisition of thermotolerance, of which HSP synthesis is only one critical aspect. Although some of these mutant plants are small (e.g. vtc1) or show other unrelated phenotypes (uvh6 is yellow-green), we argue that the heat phenotypes seen in this study are not due to inherent weaknesses in the mutants. We base this assumption on the fact that some of the mutants tested that showed no phenotype in any assay were also small (e.g. axr1) and that the mutants that did show a phenotype showed it only under specific conditions, i.e. at specific stages of development, more so during basal than acquired thermotolerance, or only after specific heat treatments. Therefore, we conclude that the selected mutants show genuine heat-defective phenotypes.
Results of this study demonstrate that there are many protective pathways that contribute to survival of plants at high temperatures and suggest that the relative importance of the different pathways changes throughout plant development. This conclusion is supported by the observation that mutants showed differential heat sensitivity depending on the stage of growth at which they were assayed. Strikingly, of the mutants tested, only uvh6 and uvh3 (and hot1 as described previously) showed heat sensitivity during seed germination or when tested as 2.5-d dark-grown seedlings. The other mutants were sensitive only after 4 or more d of growth in the light, growth stages at which uvh6 and hot1 (but not uvh3) were also sensitive. Our results also agree with those of Clarke et al. (2004) , in which they demonstrated that NahG and npr1 were defective in basal thermotolerance in 10-d-old plants, but neither exhibited a defect in acquired thermotol- For acquired thermotolerance, heat treatments were from 90 to 250 min at 10-min intervals following pretreatment. In each case, the time of heat treatment required to reduce survival or root growth to 50% of the unheated controls was determined. The data are presented as the additional time at 45°C required for 50% survival of that mutant as compared to hot1 (the most severe mutant). Error was 610 min for acquired thermotolerance and 65 min for basal thermotolerance. Figure 5 . HSP accumulation in mutant plants. Seedlings were treated at 38°C for 90 min and cooled to room temperature for 30 min prior to harvesting tissue for protein extraction. HSP levels were determined by SDS-PAGE followed by western blotting with antibodies against Hsp101 and class I and class II sHsps.
erance of 2.5-d seedlings. In contrast to these results, four of seven different hot mutants, which were isolated as mutants defective in acquired thermotolerance as 2.5-d seedlings, acquire thermotolerance normally as older plants ; S.-W. Hong, U. Lee, and E. Vierling, unpublished data). The absence of a 2.5-d phenotype in most of the mutants tested here explains why these mutations were not isolated in this hot mutant screen (Hong and Vierling, 2000) and that none of the unpublished hot mutants have been mapped to loci close to these genes ; S.-W. Hong, U. Lee, and E. Vierling, unpublished data). In total, the data support the idea that plants suffer different types of damage at different growth stages (e.g. prevention/repair of oxidative damage appears more critical in light-grown plants compared to young dark-grown plants), which then require a different balance of protective mechanisms, and/or that different protective mechanisms vary in their redundancy during growth.
ABA signaling appears to be more critical for acquired thermotolerance than for basal thermotolerance (while playing a part in both), while the converse is true for ethylene signaling and antioxidant protection. The ABA mutants aba1, aba2, aba3, abi1, and abi2 were unique in showing significantly stronger phenotypes in the acquired thermotolerance assays than in the basal thermotolerance assays. In contrast, the ethylene and antioxidant pathway mutants all showed significantly stronger basal than acquired thermotolerance phenotypes, especially under high light conditions, suggesting that control of oxidative damage is more critical in nonacclimated plants. Together, these data support the hypothesis that heat tolerance involves multiple processes, some of which are primarily of importance during basal thermotolerance (ethylene and antioxidant pathways), some of which are more critical during the acquisition of thermotolerance (ABA pathways), and a number of which are required for survival of any heat treatment (involving an oxidative burst, SA, UVH6, and HSPs). These components may function in multiple pathways acting together to allow plant survival at high temperatures, and the exact balance of components needed for survival depends both on the plant growth stage and on the duration and severity of the heat stress.
The abi3 mutant was unique among the ABA signaling mutants in that it did not appear to be involved in the acquisition of thermotolerance at any growth stage. This transcription factor has previously been associated with developmental control of HSP accumulation in seeds (Rojas et al., 1999; Wehmeyer and Vierling, 2000) . The lack of a phenotype in the abi3 plants further supports the model that ABI3 is involved in seed-specific expression but not in heatdependent expression of HSPs.
Given that both ABA biosynthesis mutants (aba mutants) and ABA-insensitive mutants (abi1 and 2) were found to be sensitive to heat stress, it can be hypothesized that ABA is likely to accumulate during heat stress, triggering downstream responses. In Arabidopsis, pretreatment of plants with exogenous ABA has been shown to improve basal thermotolerance (Larkindale and Knight, 2002) , and Ristic and Cass (1992) have shown that a high ABA-accumulating line of maize has increased tolerance to chronic heat and drought. Therefore, it was somewhat surprising that ade1, a mutant known to overaccumulate ABA, had the same heat resistance as the wild type and furthermore did not survive any better than heat-stressed wildtype plants (data not shown).
ABA appears to play a part in some pathway distinct to the induction of HSPs that is nonetheless essential to the acquisition of thermotolerance in lightgrown plants. At present, little is known about what a heat-stress ABA pathway might involve, although it is reasonable to hypothesize that similar genes might be induced by ABA during heat stress as during drought stress. Large numbers of stress-and ABAregulated genes have been implicated in drought tolerance (Zhu, 2002) , and specific transcripts have been shown to be induced by both heat and drought stress (Rizhsky et al., 2004) . In our study, plants were heated on sealed agar plates, so the plants did not suffer from dehydration in conjunction with heat stress. In confirmation of this assumption, we have found that the genes identified as drought-but not heatinducible by Rizhsky et al. (2004) are not up-regulated during our heating regimes (data not shown). The combination of heat and drought stress, however, is common in nature, so coordination of heat and drought responsive pathways may be beneficial to the plant.
The NahG transgenic line and atrbohB and atrbohD mutants all showed a significant phenotype both after a direct heat treatment and after acquisition of thermotolerance. It is difficult to determine to what extent these plants are defective in processes specifically involved in acquired thermotolerance, since their defect in basal thermotolerance may also affect plants after acquisition of thermotolerance. Heat pretreatment does not compensate for the effects of the mutations, however, as the plants do not survive as well as wild-type plants after acclimation. These results suggest that signaling pathways involving SA and active oxygen species (AOS) are critical for events during both basal and acquired thermotolerance. The involvement of SA and AOS signals in the acquisition of thermotolerance requires further investigation, as end points for these signaling pathways during heat stress have not been determined. SA and AOS signaling pathways during biotic stresses have been well established (Sandermann, 2000; Van Breusegem et al., 2001; Thatcher et al., 2005) , but no correlation between these pathways and heat stress has been established.
In contrast to the other mutants, the ethylene and the antioxidant pathway mutants showed almost wildtype acquired thermotolerance but a severe defect in basal thermotolerance (Figs. 1, 2, and 6 ). Thus, these mutants are defective in some pathway that is essential to basal thermotolerance but that is made redundant by processes induced during the acquisition of thermotolerance. The affect of heat on the ein2 and etr1 mutants and on the mutants compromised in antioxidant defenses was dramatically enhanced by increasing the light intensity during recovery from heat stress (Fig. 3) , and these mutants show no phenotype in assays performed during early seedling growth in the dark. Photooxidative damage has been shown to be a critical aspect of 10-d-old seedling survival during basal thermotolerance treatments (Larkindale and Knight, 2002) , so the increased lethality seen in these mutants may be due to increased levels of heatinduced oxidative stress. This hypothesis is supported by the uniformly high TBARS measurements in all plants sensitive to heat stress and the relatively high TBARS levels for the ethylene and antioxidant mutants even under conditions where only a small decrease in survival was observed (Fig. 2) . As ethylene has been associated with oxidative stress responses (Kato et al., 2000; Argandona et al., 2001; Bortier et al., 2001; Moeder et al., 2002; Nie et al., 2002; Manning et al., 2003) , ethylene might act as a signal to activate oxidative defenses during heat stress. Taken together, these observations indicate that oxidative damage is a major component in heat damage under basal thermotolerance conditions. In contrast, such damage is less critical during acquired thermotolerance either because there are fewer free radicals produced or because free radicals are dealt with by other systems.
Of the mutants in this study, only uvh6 showed a strong defect in both basal thermotolerance and acquired thermotolerance at all stages of its life cycle from germination through to 25 d, similar to the Hsp101 mutant hot1. Therefore, this DNA helicase appears to control some function essential to both basal and acquired heat tolerance that is neither age nor light dependent. The ability of uvh6 to accumulate Hsp101 and sHsps indicates that its essential function is distinct from the induction of HSPs or the function of Hsp101. This DNA helicase is believed to have two cellular functions based on the known functions of human and yeast (Saccharomyces cerevisiae) homologs. These homologs act both as a DNA helicase involved in DNA damage repair by the nuclear excision pathway and as a core component of the TFIIH transcription factor complex (Svejstrup et al., 1996) . We hypothesize that the latter function is more essential for thermotolerance in plants based on two lines of reasoning. First, the uvh6-1 allele used in this study shows only a moderate defect in DNA repair (Liu et al., 2003) , and yet its affect on thermotolerance is severe. Second, recent data have shown that cells carrying certain mutant alleles of the human homolog of Uvh6, XPD, have defective transcriptional responses to specific hormone treatments involving only a subset of transcriptional activators (Dubaele et al., 2003; Drané et al., 2004 ). The current model explaining this observation is that XPD regulates the phosphorylation activity of the TFIIH-associated cyclin-dependent kinase-activating kinase complex, directing it to phosphorylate and activate specific transcription factors, thus inducing transcription of specific target genes. Hence, we suggest that the uvh6 phenotype arises from failure to induce genes distinct from HSPs that are required for heat stress tolerance.
We also tested 30 mutants that showed no heat sensitivity under any of the conditions used, including mutants that had previously been documented as sensitive to high temperatures, e.g. tsl4 and some of the fad mutants (Hugly et al., 1991; James and Dooner, 1991; C. Somerville, unpublished data) . The contrast between our results and those previously published is most likely due to differences in the assays used. Heat sensitivity in these mutants had been identified through chronic, moderate heat stresses as opposed to their response to severe heat stress or their ability to acclimate to high temperatures. Different processes again might be expected to be involved in long-term heat acclimation than are involved in either basal or acquired thermotolerance.
Based on our data, we can now diagram a framework for understanding how different signaling pathways contribute to both basal and acquired thermotolerance as shown in Figure 7 . Depending on the stress applied and the age of the plant, it appears that different aspects of heat-induced damage impact plant survival, and different types of heat-induced damage are prevented or repaired through different cellular systems. The signaling molecules AOS, SA, and ABA and the transcription component uvh6 potentially activate or modulate other pathways involved in the plant re- Figure 7 . Framework for heat stress responses and thermotolerance in Arabidopsis. The different signaling components and protective factors postulated to be involved in thermotolerance are shown grouped into pathways where there is evidence that there are interactions between a specific signaling component and a particular end response. Question marks indicate some of the places in the schema where components remain unidentified. The areas highlighted in dark gray represent pathways shown to be critical for basal thermotolerance, those in white are critical for acquired thermotolerance, and areas shaded in light gray are critical for both. The pathways indicated by black arrows are critical for basal and acquired thermotolerance at all stages in development; white arrows indicate pathways critical only in 4-d plants and older after exposure to light. HSFs, heat shock transcription factors. sponse to heat that are different from the HSP pathway. Because they affect both basal and acquired thermotolerance, they must have effects distinct from the antioxidant pathway. What kind of damage is being prevented or repaired by such pathways has yet to be determined. The SA transgenic line and the AOS mutants showed similar phenotypes and affected basal and acquired thermotolerance equally; therefore, in Figure 7 , they are depicted as potentially part of the same pathway. ABA is depicted as part of a separate signaling pathway to the other components, although some aspects of ABA signaling may be common to a pathway involving SA and AOS. The effect of uvh6 is different from the effects of the other mutants in that the gene is essential for thermotolerance in plants of all ages. Although UVH6 function may impact other signaling pathways, it is clear that at least some aspect of UVH6 function is unique and essential for survival in plants prior to exposure to light.
In Figure 7 , five separate pathways are therefore illustrated, which, acting together, produce the thermotolerant phenotypes in light-grown plants. Only some of these pathways are critical in 2.5-d darkgrown plants. Heat is a complex stress causing damage to a range of cellular components, so it should not be surprising that a large number of different protective pathways are required in order to survive. Induction of any one of these pathways allows the plant to acquire some measure of thermotolerance, and the loss of any specific pathway merely limits the extent of that tolerance.
MATERIALS AND METHODS
Plant Growth Conditions
Arabidopsis (Arabidopsis thaliana) plants of the different mutant lines and their associated wild-type accessions were used as shown in Table I , and the seed source/donor is shown in Supplemental Table I . Mutants were obtained in the homozygous state from the stock center or individual donor and were propagated directly to obtain sufficient material for experimentation (in some cases through three generations). The homozygosity of all mutants with easily scorable phenotypes, e.g. ABA insensitivity or presence of a transgene, was also directly verified. Seeds were surface sterilized, plated on nutrient medium (Haughn and Somerville, 1986) 
Heat Stress Treatments
Thermotolerance assays of seeds, 2.5-d dark-grown, 4-d light-grown, and 7-d light-grown seedlings were performed according to Hong and Vierling (2000) . Because these assays were carried out on sealed minimal nutrient plates containing an equal volume of agar medium poured on a leveling table, it is assumed that plant temperatures closely match the incubator temperatures. Basal thermotolerance treatments consisted of heating plants to 45°C, while acquired thermotolerance tests were done by heating the plants initially to 38°C for 90 min, then leaving the plants at room temperature for 120 min, before finally heating to 45°C for 2 to 3 h. All heat treatments were performed in the dark. Recovery was in a growth chamber at 22°C for 5 d in the light. For the seed thermotolerance test, seeds were heat treated at 45°C for 3 to 4 h immediately after removal from the cold and then allowed to grow an additional 3 d before measurement. For hypocotyl elongation, seedlings were grown for 2.5 d in the dark and heat stressed, and then growth was measured after an additional 2.5 d in the dark. Growth after the heat treatment was measured and compared with seedlings of the same mutant line receiving no heat treatment. The 4-d root growth assay was done by growing the plants vertically on plates for 4 d in the light, then heat treating the plants and returning them to the growth incubator to continue to grow vertically for 5 d in the light. Only growth after heat treatment was measured and compared to growth of the same mutant plant given no heat treatment. The assays with 7-d seedlings were done on large plates (150 mm) that were heated directly in the incubator, and seedlings were allowed to recover for 5 d with a 16-h light/ dark cycle prior to calculating the percentage survival. Plants that were still green and producing new leaves were scored as surviving. The 25-d assay was done by placing leaves from the newest whorl of leaves from a 25-d-old plant into a 12-well plate, with 2 mL of water in each well. The plate was then floated on the surface of water baths at either 38°C or 45°C as appropriate. In all cases, the results for each plant line were compared to those of the appropriate wild-type ecotype on the same plate, and the heat-sensitive positive control hot1 was included on each plate.
TBARS Assay
Analysis of TBARS was performed according to Heath and Packer (1968) . Plants grown on plates were given the described heat treatments and left to recover under normal light conditions for 2 d. The tissue (0.25 g per sample) was then harvested and ground in a total of 0.5 mL of buffer (0.25 mL 0.5% [w/v] thiobarbituric acid in 20% [v/v] trichloroacetic acid and 0.25 mL 175 mM NaCl in 50 mM Tris, pH 8) and heated, and absorbance readings were taken at 532 and 600 nm. The levels of TBARS were determined by comparison to a malonaldehyde standard curve and each sample compared to that of the wild-type control from the same plate. Results were averaged over at least five separate experiments.
Western Analysis
Seedlings were treated at 38°C for 90 min and cooled to room temperature for 30 min prior to harvesting the tissue for protein extraction. Total protein from seedlings was extracted in SDS sample buffer (60 mM Tris-HCl [pH 8.0], 60 mM dithiothreitol, 2.0% [w/v] SDS, 15% [w/v] Suc, 5 mM e-amino-N-caproic acid, and 1.0 mM benzamidine). Protein concentration was determined using a Coomassie Brilliant Blue dye-binding assay (Ghosh et al., 1988) with bovine serum albumin as a standard. Standard methods were used for SDS-PAGE separation of protein samples on 7.5% or 15% (w/v) polyacrylamide gels. For western analysis, proteins were blotted to nitrocellulose and processed for detection using chemiluminescence (Amersham, Piscataway, NJ) as described previously (Wehmeyer et al., 1996) . Anti-Hsp101 antiserum was used at a dilution of 1:1,000 (v/v). Antiserum against class I sHsps (Wehmeyer et al., 1996) was used at a dilution of 1:1,000 (v/v). Antiserum against class II sHsps was produced against Arabidopsis Hsp17.6II (X63443; N. Buan and E. Vierling, unpublished data) and used at a dilution of 1:1,000.
